Gd 3+ caused cell swelling while blocking any recovery by βγ-imidoATP. ATP release was 4-fold higher 64 in the presence of Gd 3+ . Cell swelling was associated with an increase in intracellular nitric oxide 65 (NO), with NO scavenging agents causing cell swelling. Swelling-induced NO production was inhibited 66 by both apyrase and Gd 3+ , while NO donors rescued apyrase-and Gd 3+ -induced swelling. These data 67 suggest extracellular ATP released during cell swelling is an important signal that elicits RVD. Though 68 the cell surface receptor for ATP in Dictyostelium remains elusive, we suggest ATP operates through a 69 Gd 3+ -sensitive receptor that couples to intracellular NO production. 70 71 72
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Tel: +44 (0)1603 597326  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37   38   39   40   41 INTRODUCTION  73  74 The ability to control cell volume is an essential function for cell survival in the face of osmotic 75 challenge. Perturbations in cell volume evoke wide ranging signalling events leading to acute 76 protective responses (e.g. rearrangement of the cytoskeleton) and longer-term adaptive responses 77 [6] . ATP is also released in 99 response to osmotic swelling, acting as an early extracellular stress signal to initiate RVD via P2 100 receptor activation [7] [8] [9] Dictyostelium amoeba exposed to hypotonic stress underwent cell swelling that peaked around 400 149 seconds post challenge and was followed by a progressive cell volume recovery phase ( Figure 1A) . At 150 plateau, the average volume recovery was around 40% of peak ( Figure 1A) . No significant changes in 151 cell volume were observed in isotonic conditions ( Figure 1A) . During cell swelling, extracellular ATP 152 increased significantly peaking at 8.1±1.5 μM (N=5) from a baseline of 2.2±0.8 μM (N=5) ( Figure 1C) . 153 No significant changes in extracellular ATP were observed in isotonic conditions ( Figure 1B) . 154
Application of apyrase to scavenge ATP during hypotonic challenge lead to profound cellular swelling 155 and loss of the cell volume recovery phase ( Figure 1D ), detectable ATP was negligible following 156 apyrase treatment (data not shown). Peak swelling observed in the presence of apyrase was 13.6±1.5 157 LS (P<0.05 vs control) compared to an average swelling of 6.8±0.8 LS in the absence of apyrase. The 158 non-hydrolysable ATP analogue βγ-imidoATP, but not ATP (data not shown), could rescue (97±0.8%, 159 N=4; P<0.01 vs control) the volume recovery response in the presence of apyrase ( Figure 1D ). 160
Application of apyrase under isotonic conditions had no effect on cell size ( Figure 1E ). Heat-161 inactivated apyrase had no effect of cell size (data not shown). These data suggest that extracellular 162 ATP is released during cell swelling and is important for cell volume recovery. 163
The contractile vacuole is the major osmoregulatory organelle in Dictyostelium and other protists. It 164 serves to accumulate water during hypotonic stress and release it via an atypical exocytosis event. 165
We have previously identified that the contractile vacuole system in Dictyostelium can accumulate 166 ATP via a translocation mechanism of unknown molecular basis [17] . Furthermore, vesicular ATP 167 release is one of numerous mechanisms proposed as modes of ATP secretion in mammalian cells [18] . (data not shown). Application of the cell-impermeable NO scavenger haemoglobin had no effect (data 216 not shown). To test for a requirement of either extracellular ATP or extracellular ATP sensing for NO 217 production, we tested the effects of apyrase and Gd 3+ on swelling-induced NO production, 218 respectively. Both apyrase and Gd 3+ ablated NO production during cell swelling (N=5; P<0.05) 219 ( Figure 5C ). In reciprocal experiments we examined the ability of the NO donor SNP to rescue 220 swelling induced by either apyrase or Gd 3+ , in an effort to determine if NO lay downstream of ATP-221 sensing mechanisms at the cell surface. Strikingly, SNP could attenuate both apyrase-and Gd 3+ -222 induced swelling (Figures 5D and 5E) . SNP had no effect on cell volume under isotonic conditions 223 (data not shown). These data demonstrate that NO donation can rescue the effects of apyrase and 224 Gd 3+ suggesting that NO acts downstream on pathways attenuated by apyrase and Gd 3+ . containing vesicles such as lysosomes, has been shown to contribute to constitutive ATP secretion in 255 mammalian cells [15] , though this appears not to be the case for Dictyostelium. Our current study 256 suggests that constitutively secreted ATP does not influence cell volume, as apyrase had no effect on 257 cell size under isotonic conditions. The contractile vacuole of Dictyostelium harbours an ATP 258 translocation mechanism of unknown molecular basis, facilitates ATP accumulation within the 259 vacuole lumen [17] . Despite this, drainin knockout cells that have impaired contractile vacuole fusion 260 exhibit heightened swelling but no inhibition of ATP release, strongly suggesting contractile vacuole 261 voiding is not the source of ATP. As for Dictyostelium, Gd 3+ inhibits RVD in various mammalian cells 262 swollen by hypotonicity including hepatocytes [34] , neuronal [35] and erythrocytes [36] . However, in 263 mammalian cells Gd 3+ also blocks any swelling-induced ATP release [34, 37] . This in contrast to the 264 heightened ATP release observed in Dictyostelium in the presence of Gd 3+ . In mammalian cells, the 265 inhibitory action of Gd 3+ on ATP release is reported to be through blockade of mechanosensitive 266 receptors [7, 37-38], which presumably integrate swelling-induced stretching of the plasma 267 membrane and stimulated ATP release. Gd 3+ also blocks receptor-mediated ATP release in 268 mammalian cells [37] . This suggests that ATP is released via a Gd 3+ -insensitive mechanism in 269 Dictyostelium, and that the increased ATP release occurs due to profound cell swelling observed in the 270 presence of Gd 3+ . An alternative explanation for the Gd 3+ -induced swelling is that Gd 3+ blocks sensing 271 of extracellular ATP. This explanation is supported by the observation that Gd 3+ blocks rescue by βγ-272 imidoATP during apyrase-induced swelling. βγ-imidoATP can activate Dictyostelium P2X receptors 273
[22], but as discussed, the intracellular residency of P2X receptors makes them unlikely mediators. In this study, we demonstrate that intracellular NO increases during cell swelling. Experiments with a 279 NO scavenging agent suggest that the NO produced is important for the cell volume recovery process. 280
Apyrase and Gd 3+ which both block cell volume recovery also block NO production during cell 281 swelling. Moreover, NO donation can rescue cell volume recovery in the presence of apyrase or Gd 3+ . 282
These data strongly suggest that NO production lies downstream of ATP sensing via a Gd 3+ -sensitivity 283 receptor. In mammalian cells such as red blood cells and vascular endothelium, NO is produced in 284 response to mechanical stress [40] [41] . There is also evidence that NO is produced by mammalian 285 cells during osmotic and trauma-induced swelling [40] [41] . Activation of P2 receptor also stimulates 286 NO production in various mammalian cells types [42] [43] [44] [45] [46] . There are also a number of studies linking 287 extracellular ATP to NO production in plant cells [47] [48] [49] 
